Abstract: Interest in sustainable alternatives to synthetic nitrogen (N) for switchgrass (Panicum virgatum L.) forage and bioenergy production, such as biological N 2 fixation (BNF) via legume-intercropping, continues to increase. The objectives were to: (i) test physical and chemical scarification techniques (10 total) for common vetch (Vicia sativa L.); (ii) assess whether switchgrass yield is increased by BNF under optimum seed dormancy suppression methods; and (iii) determine BNF rates of common and hairy vetch (Vicia villosa L.) via the N-difference method. Results indicate that chemical scarification (sulfuric acid) and mechanical pretreatment (0.7 kg of pressure for one minute) improve common vetch germination by 60% and 50%, respectively, relative to controls. Under optimum scarification methods, BNF was 59.3 and 43.3 kg·N·ha −1 when seeded at 7 kg pure live seed ha −1 for common and hairy vetch, respectively. However, at this seeding rate, switchgrass yields were not affected by BNF (p > 0.05). Based on BNF rates and plant density estimates, seeding rates of 8 and 10 kg pure live seed (PLS) ha −1 for common and hairy vetch, respectively, would be required to obtain plant densities sufficient for BNF at the current recommended rate of 67 kg·N·ha −1 for switchgrass biomass production in the Southeastern U.S.
Introduction
Legumes are agronomically beneficial because they fix atmospheric nitrogen (N 2 ) through a symbiotic relationship with Rhizobia bacteria, which form nodules in leguminous roots. These beneficial bacteria enhance soil fertility by increasing N through rhizodeposition, which reduces the amount of synthetic N fertilizer needed for switchgrass growth [1] . However, biological N 2 fixation (BNF) can be affected by weather, inorganic-N present in soils, as well as legume vigor [2, 3] . Furthermore, the decay of legumes may not be in synchrony with peak N demand by the main crop [4] , and matching legumes with companion crops can be challenging [5] . Annual switchgrass yields average 15.9 Mg·ha −1 in the upper Southeast [6] , with only modest responses to greater N fertilization [7] . Consequently, switchgrass N fertilization is recommended at an annual rate of 67 kg·ha −1 [8] , or approximately half the rate for corn (Zea mays L.) [9] .
Legumes interseeded into switchgrass may fix N required for biomass production [10] . Experiments with legume-switchgrass mixtures (e.g., red clover (Trifolium pretense L.)) reported yields that exceed those of N-only, even at inorganic-N rates of 240 kg·ha −1 [11] . Similarly, common and hairy vetch are reportedly effective at increasing soil N and can fix N 2 required for a single biomass-cut system [12, 13] . Specifically, common and hairy vetches have been reported to fix between 50 and 350 kg·N·ha −1 and 25 and 190 kg·N·ha −1 , respectively, in aboveground growth [14] [15] [16] [17] . Common and hairy vetches are cool-season legumes, and as such, peak photosynthesis and subsequent fixation occur from winter until switchgrass' spring green-up. There are several potential advantages of using common vetch in lieu of hairy vetch. Common vetch is frequently found growing throughout the Southeastern U.S. [18] and typically has fewer hard seeds than most varieties of hairy vetch [19, 20] . Hairy vetch hard seeds can range between 5 and 30%, last 5+ years in the soil and be a noxious weed [20] [21] [22] .
Myriad methods are used to determine BNF, including acetylene reduction and hydrogen evolution [2, 3] . These techniques must be performed in a controlled environment and are therefore unsuitable for quantifying N 2 fixation of field-grown legumes [23, 24] . On the other hand, 15 N isotope dilution, 15 N natural abundance, N-balance and N-difference methods all are suitable for in situ experiments; however, each technique has inherent advantages and disadvantages. The N-difference method estimates amounts of N supplied from symbiosis by comparing N 2 -fixing legumes to neighboring non-fixing reference plants. This method is simple and inexpensive and works best under low soil-N conditions [25, 26] . The disadvantages are that the N-difference method assumes that legumes and non-fixing plants exploit equal amounts of soil N [2, 27] and that plant sizes and/or root morphologies do not differ [28, 29] . However, estimates obtained by the N-difference method are comparable to those from more expensive techniques [30, 31] .
Proper seeding rates for interseeding legumes into lowland switchgrass stands are not well defined. Rates used for previous studies with upland switchgrass have been for frost-seeding into grass pastures, and a reduction of rates has been recommended [32] . Therefore, legume seeding rates need to be developed to establish persistent legume stands that increase N availability without inducing spatial and resource competition with switchgrass. Consequently, legume symbiotic relationships and their interaction with the soil environment were assessed via a comparison of switchgrass dry matter yields to help determine the effectiveness of N 2 -fixation by legume hosts. The specific objectives of this study were to: (i) determine the efficacy of physical and chemical seed scarification for common vetch germination; (ii) determine whether or not switchgrass yields are increased by vetch intercrops; and (iii) determine N-fixation rates of common and hairy vetch via the N-difference method in switchgrass production systems. 
Materials and Methods

Switchgrass Stands and Site Descriptions
Nitrogen Fixation of Legume Intercrops
Nitrogen content of common and hairy vetch plants at ETREC-Plant Sciences Unit were compared to monocots [wheat (Triticum spp.) and switchgrass]. The authors previously found that switchgrass and wheat assimilate soil-N similar to other commonly-used non-N 2 fixing reference plants and therefore are adequate reference plants for the N-difference method [33] . N 2 fixation of vetches was determined by using the N-difference method. Sample shoots of common vetch, hairy vetch and non-N 2 -fixing reference plants wheat and switchgrass were gathered by cutting plants flush to the soil with pruning shears in late spring 2010. Sample tissue-N (grass separated from legumes) was then analyzed with near-infrared reflectance spectroscopy (NIR) using a LabSpec ® Pro Spectrometer (Analytical Spectral Devices, Boulder, CO, USA) by Land O'Lakes/Sure-Tech (Indianapolis, IN, USA). Equations were standardized and checked for accuracy using grass hay and alfalfa (Medicago sativa L.) equations (for each legume of interest), which were developed by the Near Infrared Spectroscopy (NIRS) Forage and Feed Consortium (NIRSC, Hillsboro, WI, USA).
Plant aboveground-N was determined by multiplying plant dry matter (DM) by its percent N content [Equation (1)]. Reference plant N yield (non-nodulating species) was then subtracted from legume plant N yield to obtain the amount of legume fixed N on a per ha basis (Equation (2); [25] ). The N-difference between vetches and reference plants was multiplied by average plant weights of legume plants sampled in late spring to obtain the aboveground-N per vetch plant. Total aboveground legume-N mass was determined by legume-N (mass per plant) × plant density (plants·m −2 ) and expressed as kg·ha −1 to determine fixed N accumulated in legume and potentially available to switchgrass (value assuming complete bioavailability).
Estimated seeding rates required for common and hairy vetch to fix the recommended rate of 67 kg ha -1 N fertilizer were obtained from N 2 -fixation rates determined by the N-difference method in this study. Specifically, total vetch aboveground plant N·m −2 was calculated by multiplying the average vetch density (planted at a seeding rate of 7 kg·PLS·ha −1 ) by the aboveground, per plant vetch N and divided by 50% (assuming half is bioavailable, [34, 35] ). To calculate the seeding rate required for vetch to supply 67 kg·N·ha −1 to the companion crop, target N level was divided by bioavailable vetch N, thus developing a ratio to multiply the current seeding rate that would give the suggested seeding rates of common and hairy vetch (Equation (3)).
Seeding rate for target N = [(Target N·kg·ha
−1 ) * (kg PLS ha -1 )]/(legume N·kg·ha −1 )(3)
Legume Seed Treatment and Establishment Techniques
Common and hairy vetches were seeded in fall 2009 into established (3-year-old) Alamo switchgrass stands at the two locations. Legumes were seeded into approximately 20-cm-tall switchgrass stubble on 22 and 29 October 2009 at PREC and ETREC, respectively, with a Hege™ plot drill (Colwich, KS) at a planting depth ranging from 0.6 to 1.3 cm. At ETREC and PREC, plot sizes were 7.6 × 1.5 m and 7.6 and 1.8 m, respectively, with 18 cm-wide row spacing. Seeding rates for both common and hairy vetch were 7 kg·PLS·ha −1 , and the control was represented by a 0 kg·N·ha −1 rate. Seeding rates of common and hairy vetch were lowered from the pure stand rates of 34 kg·ha −1 used for forage [36] , thus reducing competition with switchgrass early in the season.
Legume seed treatments were tested for germination efficacy in a one-factor (scarification treatment method) completely randomized design. Seeds used for common vetch plantings were collected from volunteer populations at ETREC Holston and Plant Science Units in early summer 2009 and treated by stratification and scarification to break dormancy. Seeds collected from the Plant Science Unit were divided into two lots. Lot 1 was dried at room temperature (approximately 25 • C), and Lot 2 was dried at 49 • C in a batch oven (Wisconsin Oven Corporation, East Troy, WI, USA). Seeds collected from the Holston unit were dried at room temperature (Lot 3). The three seed lots were treated for dormancy by dry cold stratification in a cooler at an average of 8 • C for 1 to 6 weeks, plus a control treatment (7 treatments), resulting in 21 treatments (including controls). The stratified vetch was then seeded into sand trays in a greenhouse for germination assessment.
Common vetch seeds from the Holston Unit (Lot 3) were treated for dormancy by physical and chemical scarification with 10 different treatments. Treatments included a control; physical scarification with 100-grit sandpaper (0.5 kg for 30 s, 0.5 kg for 1 min, 0.7 kg for 30 s, 0.7 kg for 1 min, 0.9 kg for 30 s, 0.9 kg for 1 min); treatment with 3% bleach (sodium hypochlorite) for 10 min, treatment with 98% sulfuric acid (H 2 SO 4 ) for 1 min; and treatment with 1% hydrogen peroxide (H 2 O 2 ) for 24 h. Physical scarification was applied with sandpaper attached to wood boards while using a weigh scale to ensure that target pressure was applied.
Scarified common vetch seeds were seeded into sand trays in a greenhouse for germination testing. Because the sulfuric acid seed treatment resulted in the greatest germination rate among all chemical seed scarification methods (Table 1) , remaining common vetch seeds (Lots 1, 2, and 3) were treated with sulfuric acid (98% for 1 min), rinsed for 15 min, force-air-dried for 10 min and direct-seeded into switchgrass plots.
In early-June, a frequency grid [37] was used to measure legume stand densities on switchgrass plots interseeded with vetches. Four density counts were taken in each legume treatment plot. Plant densities were averaged from three replications at each location to determine legume density (m 2 ). The count was multiplied by 0.4 according to [37] based on the likelihood of one plant per cell to estimate plant density per m 2 and averaged over three blocks at each location. Switchgrass height was measured per frequency grid observation, with an average height calculated for each plot. 
Switchgrass Yield Measurements
Two harvest systems were tested in a two-factor (harvest system and N source) randomized complete block design to determine how canopy removal affects legume intercrop vigor and included a single, post-dormancy harvest at ETREC on 8 November 2010 and a two-cut harvest system at PREC on 9 June 2010 (early-boot stage) and 21 October 2010 (post-dormancy). Switchgrass plots were harvested using a Carter™ plot harvester (Brookston, IN, USA). The harvested plot area was 0.9 × 7.6 m, and the cutting height was 20 cm. Grab samples (1 to 2 kg) of switchgrass were collected from all plots at harvest and were weighed, dried in a batch oven at 49 • C and re-weighed to determine moisture content.
Soil Tests
Preliminary (prior to experimentation) soil nutrient levels were quantified on a per-plot basis for both locations to a 0 to 15 cm depth to determine nutrient concentrations of P, K, Mg and Ca. Samples were ground to pass through a 1-mm sieve on a Wiley soil crusher (Thomas Scientific, Swedesboro, NJ, USA), and Mehlich-1 extractable nutrients were measured by inductively-coupled plasma (ICP) using a 7300 ICP-OES DV (Perkin-Elmer, Waltham, MA, USA), respectively.
Data Analysis
Switchgrass yields and common vetch seed germination following chemical and physical scarification treatments were analyzed using PROC Mixed with SAS v. 9.1.3 [38] . Tukey's honestly significant difference test was used to determine differences in switchgrass yields and seed germination rates at an alpha level of 0.05. Fixed effects were legume and seed treatments, and locations and replications were assigned as random effects.
Results and Discussion
Seed Treatment
Cold stratification and scarification were assessed for their abilities to break the dormancy of common vetch. Stratification by chilling seeds for one to six weeks did not greatly induce vetch germination (Table 2) . Germination rates of oven-dried seed were ≤4%, while germination of air-dried seed averaged 7% (Holston Unit collection, Lot 3) and 6% (Plant Science Unit, Lots 1 and 2), indicating adverse effects from high temperatures and subsequent seed desiccation. Cold stratifying (8 • C and at 41% relative humidity) did not increase common vetch germination. Other studies involving seed chilling at constant temperatures have not shown accelerated legume seed germination, but increased germination in spring has been achieved by moderate winter temperatures [39] . Similarly, hairy vetch germination has improved when subjected to warmer temperatures [40] . Conversely, mechanical and chemical seed scarification treatments did result in differences in germination (Table 1) . Sulfuric acid (40% germination) and sandpaper treatments (0.7 kg of pressure for one minute (31% germination)) resulted in germination that exceeded that of the control (8%). Consequently, stronger solutions or longer soaking times may be required for the hydrogen peroxide and bleach treatments to become effective. Hydrogen peroxide, bleach and physical scarification with sandpaper are safer alternatives to sulfuric acid and should be considered further. Similarly, Larson, J.A. et al. [4] found that sulfuric acid treatments of 15 and 30 min produced 100% germination rates of vetch seed.
Nitrogen Fixation
Nitrogen fixation rates of common and hairy vetches were similar at 59.3 and 55.2 kg·N·ha −1 based on a plant density of 8.5 plants·m 2 and 43.3 and 37.6 kg·N·ha −1 based on 7.0 plants·m 2 (using wheat and switchgrass as non-fixing reference plants, respectively; Table 3 ); which was less than the current recommended N rate of 67 kg·ha −1 for switchgrass [7] . In previous studies, hairy vetch supplied 90 to 150 kg·N·ha −1 to subsequent crops [41] [42] [43] [44] . Common vetch also has the potential to supply 106 to 146 kg·N·ha −1 to subsequent crops [41, 43] . Given the preceding N 2 -fixation rates and plant densities, estimated seeding rates of common and hairy vetch should be 8 and 10 kg·PLS·ha −1 , respectively, to achieve 67 kg·N·ha −1 contribution. If achieved, these rates should supply the recommended N rate for switchgrass biomass production [7] . Table 3 . Estimated seeding rates for common and hairy vetch to obtain the recommended rate of N fertilizer for switchgrass using the N-difference method to calculate N 2 -fixation rates of common and hairy vetch at the East Tennessee Research and Education Center. 
Legume Establishment
Recommended seeding dates for cool-season legumes are early fall or the last two weeks in February through the end of March [36] . In this study, legumes could not be planted into uncut, mature switchgrass stands and, thus, were not seeded until late fall following switchgrass biomass harvest. Late seeding, combined with harsh weather conditions, may have led to late germination, and thus, small seedlings that were not winter-hardy had reduced survival. Establishment of common and hairy vetch for seeding rates of 7 kg·ha −1 at ETREC averaged 10 and 7 plants·m 2 , respectively, as measured on 12 and 13 May. At PREC, legume densities were 7 and 0 plants·m 2 , respectively, on 25 May 2010 (Table 4 ). In general, common vetch had greater mass than that of hairy vetch across both locations (Table 4) .
Lower densities of vetch seedlings at PREC could have been caused by low soil nutrient levels, considering that P (phosphorus) is an essential element for legume nodulation. Levels of soil P and potassium were considerably lower at PREC than at ETREC (Table 5 ). Successful incorporation of legumes into switchgrass stands will require a soil test and amending nutrient and pH levels before planting. Therefore, the reduced vetch fixation rates observed in this study could, in part, be due to low soil test P levels and the late planting of legume seed. 
Switchgrass Yield Impacts
Switchgrass yields did not vary among treatments or number of harvests after only one year when compared to the 0 N control ( Table 6 ); considering that common vetch (13 Mg·ha −1 ), hairy vetch (12.4 Mg·ha −1 ) and grass-only yields (10.7 Mg·ha −1 ) were not different (p > 0.05). Neither common nor hairy vetch seeds were inoculated prior to planting, although the presence of legume nodules following establishment indicated that Rhizobia were present in soils; however, concentrations prior to seeding were not determined. When seeding common or hairy vetches into established stands of switchgrass, it is advisable to inoculate seeds with appropriate species of Rhizobia prior to planting to ensure nodulation and effective legume stands to achieve target levels of N 2 -fixation. In cases of low Rhizobia populations in soils and/or no inoculation when seeding, it may take two to three years to naturally develop proper soil Rhizobia levels for vetch to fix the N required to elevate switchgrass yield.
Based on the results herein, interseeding switchgrass with inoculated common or hairy vetch seed at rates of 8 and 10 kg·PLS·ha −1 , respectively, is expected to illicit a greater switchgrass yield response (Table 3) . These estimated seeding rates are predicted to be necessary to achieve the recommended rate of 67 kg·N·ha −1 for switchgrass. Table 6 . Average a dry matter yields of switchgrass per common vetch or hairy vetch treatment from a one-cut biomass harvest system at ETREC and a two-cut forage/biomass harvest system at PREC in 2010. 
Treatment
Conclusions
Under proper seeding rates and P-management, common and hairy vetches could potentially be viable alternatives for offsetting inorganic-N fertilizer inputs for switchgrass production. Common vetch germination can be increased through a sulfuric acid pretreatment before seeding, but such pretreatment may be unsafe and cost-prohibitive. A cost-effective alternative to breaking seed dormancy and increasing vetch seed germination is mechanical scarification (i.e., 100 grit sandpaper at 0.7 kg of pressure for one minute) or via a mechanical drum for large-scale systems.
Relatively similar aboveground N 2 -fixation rates of common and hairy vetch plants (59.3 and 43.3 kg·N·ha −1 , respectively) were measured in this study. Both common and hairy vetch can theoretically supply 67 kg·N·ha −1 , the recommended rate of N fertilizer for switchgrass, if sufficient plant densities are achieved and adequate Rhizobia populations are present. Based on the results reported herein, it is estimated that switchgrass yield will increase beyond the control with common or hairy vetch seeded at rates of 8 and 10 kg·PLS·ha −1 , respectively. Proper legume management guidelines that address legume varieties compatible with switchgrass, appropriate bacterium for seed inoculation and seeding dates and rates that minimize the competition of vetch when intercropped with switchgrass need to be further developed to make this legume a viable option for displacing inorganic-N in switchgrass biofuel and forage production systems.
